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Brayton Cycle 
1 à 2:  Isentropic Compression 
2 à 3:  Constant Pressure Heat  
3 à 4:  Isentropic Expansion 
4 à 1:  Constant Pressure Heat  



The area under a process 
curve on a T-s diagram is 
related to the amount of 
heat transferred to the 
gas.  

The area under a process 
curve on a p-V diagram is 
equal to the work 
performed by a gas 
during the process  

Brayton Cycle 

Entropy = ΔHeat/ Temp. 

∂s = ∂Q /T

1 à 2:  Isentropic Compression 
2 à 3:  Constant Pressure Heat  
3 à 4:  Isentropic Expansion 
4 à 1:  Constant Pressure Cooling 



Jet Engine 
Parameters 



Jet Engine Pressure and Temperature 



Operation of Compressor and Turbine 



Triple-Shaft Jet Engine 

HP - high-pressure  
IP - intermediate-pressure 
LP - low-pressure 



Triple-Shaft Jet Engine 



•  Purpose 
–  At take-off (M~0) inlet accelerate flow to 0.4 < M2 < 0.7 
–  At cruise (M~0.85) inlet slows down flow to 0.4 < M2 < 0.7 

Inlet 



Inlet 

Tt2 /Tt0 =1

Inlet Total Temperature 

pt ≡ total pressure
M ≡Mach number

Inlet Pressure Recovery (IPR) 
ηi = pt2 / pt1 ≡ inlet efficieny Spillage 

pt2 / pt0 =ηi 1− 0.075 M −1( )1.35"
#
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%

pt2 / pt0 =ηi

M > 1 

M < 1 

Dspill = K m1 υ1 −υ0( )+ A1 p1 − p0( )"# $%

Inlet Spillage Drag υ ≡ velocity
A ≡ area
K ≡ lip suction factor



Rotor 
Stator 

Compressor 



The compressor shown above is called a centrifugal compressor because the flow through the compressor is 
turned perpendicular to the axis of rotation. The other type of compressor is an axial compressor and is discussed 
on a separate slide. The very first jet engines used centrifugal compressors, and they are still used on small 
turbojets and turbo shaft engines. Centrifugal compressors also do work on the flow by turning, and therefore 
accelerating, the flow radially.  

http://www.lerc.nasa.gov/WWW/K-12/airplane/centrf.html 

Compressor 
Centrifugal Compressor 



Compressor 
Thermodynamics 

Compressor Pressure Ratio (CPR) 

pt ≡ total pressure
Tt ≡ total temperature
ht ≡ specific stagnation enthalpy
cp ≡ specific heat
γ ≡ specific heat ratio
ηc ≡ adiabatic efficiency

Enthalpy h = cp T (4.27, Anderson) 

CPR = pt3
pt2

=
Tt3
Tt2
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CW = ht3 − ht2( ) = cp Tt3 −Tt2( ) =
cpTt2
ηc

CPR γ−1( )/γ −1( )

Compressor Work/Mass (CW) 



Combustion Section 



Combustion Section 

Rolls-Royce Nene 



Combustion Section 



Combustion Section 
Thermodynamics 

Burner Pressure Ratio (BPR) 

pt ≡ total pressure
Tt ≡ total temperature
ht ≡ specific stagnation enthalpy
cp ≡ specific heat
f ≡ fuel/air mass flow ratio
Q ≡ fuel heating value
ηb ≡ adiabatic efficiency

BPR = pt4
pt3
~1.0

Tt4
Tt3

=

1+ f ηbQ
cpTt3
1+ f

1+ f( )ht4 = ht3 + f ηbQ

1+ f( )cpTt4 = cpTt3 + f ηbQ

Burner Energy Equations 



Combustion Section 
Fuel Mass Flow Rate 

Fuel-to-Air Ratio 

f =

Tt4
Tt3
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≡  fuel-to-air ratio

pt ≡ total pressure
Tt ≡ total temperature
ht ≡ specific stagnation enthalpy
cp ≡ specific heat
Q ≡ fuel heating value
ηb ≡ adiabatic efficiency



ROTOR 
(rotating 
blades) 
 

Stator 
(fixed blades 
to prevent air 

swirl)  

Cooling 
holes (bleed 
air from 
compressor) 

Turbine 



Turbine Blade Cooling 



Turbine Blade Cooling 
Evolution of Blade Cooling Technology 



Turbine Blade Cooling 
Film Cooling 



Turbine 
Thermodynamics 

Turbine Pressure Ratio (TPR) 

pt ≡ total pressure
Tt ≡ total temperature
ht ≡ specific stagnation enthalpy
cp ≡ specific heat
γ ≡ specific heat ratio
ηt ≡ adiabatic efficiency

TPR = pt5
pt4

=
Tt5
Tt4
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TW = ht4 − ht5( ) = cp Tt4 −Tt5( ) =ηtcpTt4 1−TPR
γ−1( )/γ( )

Turbine Work/Mass (TW) 



Variable geometry to tune Pe=>Pi 

Nozzle 



Nozzle 

Nozzle Total Temp. & Pressure Nozzle Energy Equation 

NPR = pt8
p8

≡ nozzle pressure ratio

p ≡ pressure
T ≡ temperature
h ≡ specific enthalpy
cp ≡ specific heat
γ ≡ specific heat ratio
ηn ≡ adiabatic efficiency

pt8
pt5
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Pressure Variation: EPR 



Temperature Variation: TPR 



Engine Thrust Summary 

Specific Thrust 
 

Nozzle Performance 
 
 
 

Engine Core 
 

Inlet Performance 
 

Free Stream Conditions 

Fs = F / m0 = 1+ f( )υe −υ0

υe =υ8 = 2cpTt8ηn 1−
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NPR = pt8 / p8 = pt8 / p0

Tt8 = Tt2 ⋅ETR        pt8 = pt2 ⋅EPR

Tt2 = Tt0               pt2 = pt0 ⋅ IPR

a0 = γRT0

Tt0 = T0 1+ 1
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Turbofan Engine (from last week) 

 bpr =
mfan_ flow

mcore_ flow

≡ bypass ratio 

m0 = mfan_ flow + mcore_ flow = mf + mc T = Tcore +Tfan_ flow

T = meυe − m0υ0 + bpr( ) mcoreυ fan + pe − p0( )Ae



Materials 



What Type of Jet Engine Do You Choose to Fly at Various Speeds? 

http://www.darpa.mil/TTO/solicit/BAA08-53/VULCAN_Industry_Day_Presentations.pdf 

PDE (pulse detonating 
engine) is a new type of a 
Constant Volume 
Combustion (CVC) 
Engine 
 



What Type of Jet Engine Do You Choose to Fly at Various Speeds? 



Gas Turbine Jet Engine Test 
Report 



Gas Turbine Engine Test 
Results from All Teams (un-calibrated) 



Gas Turbine Engine Test 
Results from All Teams (un-calibrated) 

4th order fit 
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Report: Details 
The following is required for the report 

•  Report Cover (with team member names, section no.) 
•  Executive Summary 
•  List of Symbols 
•  1.0 Introduction (motivation, test objective, scope) 
•  2.0 Experiment Equipment (description/images of the jet engine and DAQ) 
•  3.0 Theory (theory and equations for thrust, TSFC, etc.) 
•  4.0 Procedure (procedure for operating the engine and collection of data) 
•  5.0 Results and Discussion (includes tables and figures and discuss them) 

–  Figure 1. Pressure vs. Engine Station at each RPMs 
–  Figure 2. Temperature vs. Engine Station at each RPMs 
–  Figure 3. Pressure vs. RPM at each engine station 
–  Figure 4. Temperature vs. RPM at each engine station 
–  Figure 5. Thrust (measured) vs. RPM and Thrust (computed) vs. RPM 
–  Figure 6. Exit Velocity vs. RPM 
–  Figure 7. Specific Thrust vs. RPM 
–  Figure 8. TSFC vs. RPM 
–  Figure 9. Thermal Efficiency vs. RPM 
–  Figure 10. Fuel Flow vs. RPM 

•  6.0 Conclusion and Recommendations (conclusions, lessons learned, improvements) 
•  References 
•  Appendices 

–  A. Sample Calculation  
–  B. Manually Recorded data sheet 



Data Analysis 

T = m5υ5

Thrust 

ρ =
P
RT

υ = 2Q / ρ

Q = pgauge = p0 − p5 ≡  Dynamic (gauge) Pressure

T = 2A5pgauge

Thrust 

TS =
T
m0

=
υ5 −υ0
g0

Specific Thrust 

where go is the gravitational constant (9.81 m/s2 = 32.2 ft/s2) 

Isp =
T
m0g0

Specific Impulse 

υeffective = g0Isp

m = ρAυ

where R is the specific gas 
constant (287 J/kg-K = 1716 
ft-lbf/slug-R = 53 ft-lbf/lb-R) 



Data Analysis 
TSFC (thrust specific fuel consumption) 

         TSFC =
mfuelρ fuel

T

where
   mfuel   in gal / hr
   ρ fuel    in lb / gal

Fuel: Diesel 

Specific Heat =18, 486  BTU / lbf
Density = 7.1  lbf / gal

Thermal Efficiency 

ηThermal =1+
h2 − h5
h4 − h3
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For Air 
γ ≈1.4



Back-up 



Thermodynamics is a branch of physics which deals with the energy 
and work of a system. Thermodynamics deals with the 
large scale response of a system which we can observe and measure in 
experiments. As aerodynamicists, we are most interested in the 
thermodynamics of propulsion systems and high speed flows. The 
propulsion system of an aircraft generates thrust by accelerating a 
working fluid, usually a heated gas. In response to Newton's third law 
of motion, the propulsion system and the aircraft are accelerated in the 
opposite direction. To understand how a propulsion system works, we 
must study the basic thermodynamics of the working fluid.  

The working fluid of a propulsion system is a gas. Gases have various 
properties that we can observe with our senses, including the gas 
pressure p, temperature T, mass, and volume V that contains the gas. 
Careful, scientific observation has determined that these variables are 
related to one another, and the values of these properties determine the 
state of the gas. The first and second laws of thermodynamics define 
two additional variables, enthalpy and entropy S, which can also be 
used to describe the state of a gas. A thermodynamic process, such as 
heating or compressing the gas, changes the values of the state 
variables in a prescribed manner. The total work and heat transferred to 
a gas depend on the beginning and ending states of the gas and on the 
process used to change the state.  

It is useful to plot the changes in the state of a gas during a thermodynamic process. On the figure we show two types of plots that are used to describe 
changes of state. On the left we have plotted the pressure versus the volume, which is called a p-V diagram. On a p-V diagram, lines of constant 
temperature curve from the upper left to the lower right. A process performed at constant temperature is called an isothermal process. During an 
adiabatic process no heat is transferred to the gas, but the temperature, pressure, and volume of the gas change as shown by the dashed line. As 
described on the work slide, the area under a process curve on a p-V diagram is equal to the work performed by a gas during the process. On the right 
of the figure we have plotted the temperature versus the entropy of the gas. This plot is called a T-s diagram. Lines of constant pressure curve from the 
lower left to upper right on a T-s diagram. A constant pressure process is called an isobaric process and this type of process occurs in the combustor of a 
gas turbine engine. During an isentropic process there is no change in the entropy of the system and the process is reversible. An isentropic process 
appears as a vertical line on a T-s diagram. The area under a process curve on a T-s diagram is related to the amount of heat transferred to the gas.  

It is possible to perform a series of processes, in which the state is changed during each process, but the gas eventually returns to its original state. Such 
a series of processes is called a cycle and forms the basis for understanding engines. The Carnot Cycle describes the operation of refrigerators, the 
Otto Cycle describes the operation of internal combustion engines, and the Brayton Cycle describes the operation of gas turbine engines. P-V and T-s 
diagrams are often used to visualize the processes in a thermodynamic cycle and help us better understand the thermodynamics of engines. 





Gas turbine engine pressure ratio trends (Jane’s Aeroengines, 1998) 


